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Abstract 
Ideas on the nature of strength of defect-free nano-sized crystals are presented. Findings on experimental 
determination of uniaxial tensile strength of carbyne (linear allotrope of carbon) are given. It is found that carbynes’ 
strength exceeds 270GPа. This is significantly greater than the maximum strength level 130GPа ascertained in 2008 
for graphene. It may be expected that this is not the next “all-time high” for strength but it upper limit. Based on the
results of ab-initio calculations and molecular-dynamics simulation, it is exhibited that dependence of strength on
dimensionality is key specific feature of nano-scale crystals. Increase in strength at transition from 3D-crystal 
(diamond) to 2D-crystal (graphene) and 1D-crystal (carbyne) is demonstrated for carbon. It is shown how carbynes 
can be used for creation of ultra-high-strength bulk materials. Requirements to structural parameters of such 
materials are formulated and assessment of their strength is given. 
© 2014 The Authors. Published by Elsevier Ltd. 
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In 21-th century science of strength expands its scope of application essentially. This is due to the rapid 
development of nanotechnologies that enable to get objects with unusual and remarkable properties, among which 
strength plays a key role. The first features of nano-sized crystals (NSC) are defect-free but not perfect crystals, 
therefore, the mechanisms of their deformation and fracture differ from those for both "typical" materials with 
defects and crystals with a perfect structure [Greer and De Hosson, 2011, Pokluda, 2012]. The second feature of 
nano-scale objects is that they can be not only three-dimensional (3D), but also two-dimensional (2D) and one-
dimensional (1D). Strength of graphene (2D-crystal) was measured in 2008. It proved to be equal 130ГПа [Changgu 
et al., 2008]. However, as experimental findings have exhibited, strength of 1D-crystal of carbon (carbyne) is two 
times higher [Mikhailovskij et al., 2013]. All this requires the creation a theory of NSC strength that would take into 
account both peculiarities of their structure and their dimensionality. Furthermore, one of priorities is to determine 
the potential of these objects, i.e. the upper limit of the strength which can be reached for nano-sized objects. 
The goal of this report is to give theoretical concepts on the atomic mechanisms governing strength of the 3D-, 
2D- and 1D-crystals, as well as to present the  results of uniaxial tensile tests on metal nano-sized needles and 
carbyne (linear atomic chains of carbon), which enabled to ascertain the maximum attainable level of strength for 
materials. 
2. Methods of physical and numerical experiments 
The tensile strength of nano-sized crystals (nano-needles) and carbynes were determined by in situ high-field 
mechanical testing carried out inside a low-temperature field-ion microscope (FIM) with the specimens cooled to 
5K. Experimental procedures included in situ production of the free-standing carbon chains are described before in 
details [Mikhailovskij et al., 2013]. The mechanical tensile stress near the electrical surface of nano- and sub-nano-
scale object at arbitrary electric field F  is equal to: 
                                                                      20 ( 2)FV H               (1) 
where the permittivity of free space 0H = 8.8542 10-12 C/Vm and F is in units of V/cm. To calculate the field strength 
at the chain, we used the analytical theory of the potential distribution on the parabolic surface with for the free-
standing atomic chain, having a cylindrical shape closed by a hemispherical cap. 
The pseudopotential method (Quantum-espresso) was utilized for the carbyne strength computation. Full 
energies of the atomic carbon chains with different number of atoms were calculated. Pseudopotentials for carbon 
were generated according to scheme Vanderbilt ultrasoft with the software Vanderbilt code version 7.3.4 [Giannozzi 
et al.]. The exchange-correlation potential was selected in GGA approximation. The quantity “Ecutoff,” which 
predetermines the number of plane waves in basis set, was equal to 450 eV. Integration in reciprocal space was 
realized by the tetrahedron method. Parameters of the cells in reciprocal space were the following - 1x1x100, which 
is equal to 51 k-points in the Brillouin zone. When modeling tension of carbon chains, distance between the first and 
the last atom in the chain was fixed, and optimization of positions of remaining atoms were executed. 
Classical molecular dynamics simulation with an embedded atom model (EAM) potential was utilized. Tension 
of nano-wires of molybdenum, iron and tungsten in three crystallographic directions <100>, <110> and <111> was 
modelled. Details of modelling are described in [Kotrechko and Ovsjannikov, 2009]. 
3. Results and discussion 
3.1. Strength of nano-sized 3D-crystals 
As it is known, microscopic and macroscopic defects are the main reason for decrease in strength of materials 
and structural elements. Modern nanotechnologies enable us to create crystal materials, which, in most cases, are 
nearly defect-free. Therefore, initially it was believed that their strength must tend to the ideal strength and be the 
intrinsic material trait much like the elastic constants. However, it was appeared that the strength of nano-size 
crystals changes within the wide range depending on their sizes, temperature and loading condition, etc. However, 
the concept of "ideal" strength can be used as a starting point for the analysis of atomic mechanisms governing the 
strength of nano-sized crystals. The ideal strength of a material is defined to be the maximal homogenous stress that 
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a perfect crystal, without structural or compositional defects, can withstand. Reaching of the limit state of such 
crystal is related to uniform and simultaneous break of atomic bonds or it reformation. From this viewpoint, a 
fundamental difference of nano-sized crystals from the ideal ones is that the nano-crystals are defect-free, but not 
perfect since the ideal position of atoms in the crystal lattice is disturbed by both thermal vibrations of atoms and the 
existence of a surface. This causes localization of process of breaking and reformation of atomic bonds, resulting in 
defects forming in the crystal. In [Kotrechko et al., 2006, Kotrechko and Ovsjannikov, 2009] it was clearly 
demonstrated for nano-sized crystals of transition metals (Mo, W, Fe), as an example. These metals are suitable for 
the analysis of atomic mechanisms of the instability because there are two competing mechanisms to reach the ideal 
strength, namely, instability of crystal under the action of tensile stresses (Bain instability) or realisation of shear 
instability. As was shown in [Kotrechko et al., 2006], in the nano-sized crystals of a finite size and at finite 
temperatures, these two mechanisms can be realized, but only in a local region of the nano-crystal, i.e. this is 
localized instability. The local nature of instability is the reason for the fact that global strength of nano-sized crystal 
is always less than theoretical tensile or shear strength. The value of this difference depends on surface tension and 
local stresses due to thermal vibrations of atoms (local stresses are the stresses acting within the volume per one 
atom). The level of local stresses in a surface layer of nano-crystals reaches significant values even without loading. 
Surface tension forces induce the tensile stresses in the surface layer of a crystal, which are balanced by compressive 
stresses in the bulk. It gives rise to inhomogeneous local stress distribution within interior of the nano-sized 
specimen. As a result, depending on the loading conditions (tension or compression) and on a type of the defect 
nucleated (dislocation, twin or stacking fault), these local stresses may facilitate or counteract initiation of the local 
instability. For instance, at tension of NSC in <110> or <111>, reaching of local instability is related to formation of 
dislocations in surface layer where action of tensile surface stresses gives rise to decrease in the value of global 
instability stress of NSC, i.e. to it strength decrease (Fig. 1a). In this case, decrease in diameter of NSC specimen 
does not increase its strength, on the contrary, it is accompanied by it reduction. The strength of metal bcc nano- 
wire under tension in <100> direction is controlled by formation of a twin. As compared with dislocation, this defect 
is more extended, so, one part of space where it forms is under the action of tensile stresses, and the second part is 
influenced by the compressive stresses. As a result, under uniaxial tension the effect of strength growth with 
diameter decrease is observed. It should be noted that size effect due to the surface tension appears for small nano-
sized specimens. For nano-wires Mo, W and Fe this effect is observed at diameters less than 4-5nm. 
The local stresses generated by thermal vibrations of atoms decrease strength level of defect-free nano-sized 
crystals and determine regularities of their temperature dependences. [Kotrechko and Ovsjannikov, 2009]. So, the 
Fig.1. Dependence of the strength of NSC of  Мо on diameter (а) and test temperature (b). 
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first approximation for the temperature dependence of metal NSC strength сR  may be presented as: 
                                                       [ ( )]sfc c nsR t D T m[W [|                              (2) 
where m  is the orientation factor; cW  is the stress of local shear instability; sfns[  is the value of local stresses due to 
surface tension; )(TD[  is the variance of local shear stresses; t  is the dimensionless parameter, which depends on 
the fluctuation value and probability of it realisation. So, the temperature dependence of strength is governed, 
mainly, by the nature of temperature dependence of local stress fluctuations )T(Dt . In general case, in 
coordinates “ T  Rc vs. ” the dependence (2) predicts existence of three typical regions: (i) linear at DT 430,t  (
D4  is the Debye temperature for surface), (ii) non-linear at high temperatures where anharmonicity of atomic 
vibrations becomes essential and (iii) low-temperature region where: 
                                                       2( ) 1 /D T T T[ D Eª º| ¬ ¼                                                      (3) 
where D  and E  are the coefficients. 
It should be noted that the nature of the strength temperature dependences for nano-sized crystals and bulk single 
crystals differs essentially because, in first case, thermal vibration of atoms causes local instability in defect-free 
structure and formation of defects. In the second case, the lattice vibration facilitates mobility of already existent 
defects. As a result, the laws of temperature dependence differ as well as change in the absolute strength value. For 
instance, over the temperature range 77К…300К the value of yield strength of typical bcc transition metals 
decreases 3 – 5 times, while the changes of a critical stress of NSC instability doesn’t exceed 15% – 25%.  
Above, virtual nano-crystals were discussed, which are the subject of MD-simulation. The strength of real nano-
sized crystals (nano-pillars) can be lower. This is due to defects (internal and surface), which appears at manufacture 
of these NSC. So, utilization of etching technology for preparation of Mo nano-pillars instead of focused ion beam 
(FIB) technology enabled to increase their strength under compression more than 5 times [Bei et al., 2007]. At 
Т=293К the strength of these nano-pillars is equal to 9,3GPa over the range of diameters from 360 to 990 nm. High-
field technology of nano-needles manufacturing enables us to obtain the specimen diameters by the order of 
magnitude smaller (~ 30 – 90 nm). Despite of significantly greater scatter of nano-needle strengths, the maximum 
level of their tensile strength at diameters 27 – 50 nm is 19,8GPa [Shpak et al., 2009]. This is 1,4 times less than 
instability stress obtained at MD-simulation. It is, possibly, due to the rough side surface of nano-needles, which is 
prepared by chemical etching, and it cannot guarantee an atomically smooth surface. Therefore, the stress 
concentration related to surface roughness may be considered as a reason of this difference. So, in bulk (3D) nano-
sized defect-free metallic crystals the lattice shear instability precedes atomic bonds breaking, i.e. under uniaxial 
tension the strength of this nano-crystals is upper bounded by the stress of local shear lattice instability.  
Strength level of nano-sized covalent crystals is governed by atomic bonds breaking. Diamond is the classical 
example. It “ideal” strength in direction <111> reaches the value of 95GPа. However, this high strength level of 
diamond is rather difficult to be used because of diamond’s brittleness. Development of nano-technologies offers 
possibilities not only to increase the strength level, but also to utilize this extremely high strength of atomic bonds in 
carbon by creation of two- and one-dimensional structures. 
3.2. Strength of 2D- and 1D-crystals (clusters) 
Analysis of MD-simulation findings presented in many works (see, for example, [Belytschko et al., 2002]) 
shows that initiation of graphene (nano-tube) breaking is related with the effect of local instability. This is the 
common feature of mechanisms governing the strength of both 3D- and 2D-crystals. This manifests itself 
particularly in identical laws for the strength temperature dependences. As in the case of 3D-crystals, the 
temperature dependence of strength for these objects is predetermined by the temperature dependence of the value 
of local stress fluctuations. According to the offered theory, transition from linear (in coordinates T  Rc vs. ) 
dependence to non-linear low-temperature dependence must occurs at the temperature  D
* ,T 4d 30 . For graphene 
KD 1000 4  [Tohei et al., 2006], so, the value of *T  should be equal approximately 300К. Processing the data 
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obtained in the [Habibi et al., 2010], gives nearly the same value of transition temperature *T . 
One-dimensional crystals can’t have defects in principle. This is one of the reasons for the extremely high 
strength of these objects. Effect of increase in strength of atomic bond at decrease in dimensionality of crystal is the 
second reason. Use of modified Brenner potential [Belytschko et al., 2002] shows that at transition from diamond to 
graphene this strength must increase on average 1,53 times, and from graphene to carbyne – 1,5 times more. 
Processing findings of ab-initio calculations from [Gao et al., 2009] gives a close value (1.5 times) of difference in 
the strengths of bonds in diamond and graphene. Ab-initio simulation of tension of carbynes of different length 
exhibits existence of scale effect, which consists in the dependence of chain strength on both general number of 
atoms and the parity of this number (Fig.2a). Chains consisting of five atoms have maximum strength. It is equal to 
13,1 nN or 417 GPа. This values are obtain under the assumption of absence of atom vibrations (Т=0К). They agree 
sufficiently well with the experimental evidence on tension of carbyne at the temperature 3K. According to these 
data, chains that remained non-broken under stress 270GPa were observed. By the results of MD-simulation, 
increase in loading temperature of carbyne till 300К gives rise to insignificant (14%) decrease in the strength. 
Essential decrease in strength is observed only at temperatures higher than 3000К. 
Such high levels of carbyne strength can be employed to create ultra-high-strength bulk (3D) materials. From the 
above results it follows that such 3D-material should consist of the set of graphene-like sheets, which are connected 
with each other by carbynes (Fig.2b). Relation between the carbyne strength, cbcR , and strength of such specimen 
with square cross-section, DcR
3 , is determined by the dependence: 
                                                                      23 / 4 /D cbc cR d L RS                (4) 
where d  and cF  are the diameter and strength of carbyne, respectively. 
According to this dependence, distance between carbon atomic chains is the key parameter predetermining the 
strength level of considered 3D-material. Therefore, minimum value of this distance, minL , specifies maximum 
attainable level of strength, DcR
3
max
. The value, minL , is found from the condition of the absence of interaction 
between chains because only in such case the strength of atomic bond reaches its maximum. By executed ab-initio 
calculations, accurate to 1%, this interaction disappears at distance 0.45nm. In this case cbc
D
c R,R 160
3 | . It means 
that in bulk 3D-material only 16% of carbyne strength can be used. However, it should be emphasized that even in 
this case the strength of such 3D-material must have extremely high absolute value 65 GPа. This is 6.5 times greater 
than strength of tungsten nano-pillars (9.3GPa), and 3.3 times higher than tungsten nano-needles (19.8GPa), to say 
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Fig.2. Dependence of carbyne strength on the number of atoms (а); the cell of ultra-high-strength 3D material based on carbynes (b). 
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nothing of conventional structural materials, which strength doesn’t exceed 1.0 GPа.  
Conclusions 
1. Difference between the strength of defect-free nano-sized crystals (NSC) and strength of perfect crystals is due 
to the effect of two main factors, namely: (i) local stresses fluctuation caused by thermal vibrations of atoms; 
(ii) the effect of surface tension in NSC. 
2. Strength of metallic nano-crystals is upper bounded by the value of stress of shear instability of crystal 
structure.  
3. The maximum experimental values of Mo and W nano-needles’ strength is approximately 1.4 times less than 
those calculating by MD-simulation, which may be due to rough side surface of nano-needles, which is 
prepared by chemical etching that can not guarantee an atomically smooth surface. 
4. Peculiarity of mechanism, governing the strength of graphene and nano-tubes is that the instability of atomic 
bonds under the action of local tensile stresses is the critical event.  
5. Dimensionality is one of the key factors governing the strength of defect-free nano-sized crystals. At transition 
from 3D-to 2D-and 1D-crystals, their strength increases reaching maximum value in linear monatomic chains. 
6. Carbynes (linear allotrope of carbon) have the highest level of strength. According to experimental evidence, 
their strength is not less than 270GPа at 3К. Calculated value is 417GPа. 
7. Carbynes can be employed to create ultra-high-strength bulk materials. Assessments show that strength of such 
bulk materials can be up to 65GPа. 
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